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Patterning of the metazoan dorsoventral axis is
mediated by a complex interplay of BMP signaling
regulators. Repulsive guidance molecule (RGM) is a
conserved BMP coreceptor that has not been impli-
cated in axis specification. We show that NvRGM is
a key positive regulator of BMP signaling during sec-
ondary axis establishment in the cnidarian Nematos-
tella vectensis. NvRGM regulates first the generation
and later the shape of a BMP-dependent Smad1/5/8
gradient with peak activity on the side opposite
the NvBMP/NvRGM/NvChordin expression domain.
Full knockdown of Smad1/5/8 signaling blocks the
formation of endodermal structures, the mesen-
teries, and the establishment of bilateral symmetry,
while altering the gradient through partial NvRGM
or NvBMP knockdown shifts the boundaries of
asymmetric gene expression and the positioning of
the mesenteries along the secondary axis. These
findings provide insight into the diversification of
axis specification mechanisms and identify a previ-
ously unrecognized role for RGM in BMP-mediated
axial patterning.INTRODUCTION
Asymmetry along the dorsoventral (D/V) axis in embryos of
bilaterians is established by a gradient of bone morphogenetic
protein (BMP) signaling activity, which is determined through
the interaction of secreted BMP ligands and BMP interacting
molecules and is reflected by a gradient of the phosphorylated
intracellular signal transducer Smad1/5/8. In many bilaterians
(e.g., Xenopus or Drosophila), expression of BMPs and the
BMP binding molecule chordin on opposite sides of the dorso-
ventral axis is an important aspect of dorsoventral patterning.
Chordin proteins can bind to BMPs and prevent their interaction
with transmembrane BMP receptors, but chordin-BMP com-
plexes can also serve to transport BMPs that can be released
subsequently. A number of additional molecules regulate BMP
signaling during dorsoventral patterning by affecting the distribu-
tion and receptor interaction of BMPs in the extracellular spaceCell Reand at the cell surface (Little and Mullins, 2006; Plouhinec
et al., 2011; Umulis et al., 2009).
Among the evolutionarily conserved molecules that can
regulate BMP signaling is the glycosylphosphatidylinositol
(GPI)-anchored protein repulsive guidance molecule (RGM)
(Tian and Liu, 2013). Three or four RGM paralogs are present in
vertebrates (Camus and Lambert, 2007), where they have been
shown to modulate axon guidance and participate in iron meta-
bolism (Monnier et al., 2002; Papanikolaou et al., 2004).While the
function in axon guidance is mediated by the immunoglobulin
superfamily transmembrane receptor neogenin (Rajagopalan
et al., 2004), the function in iron metabolism is mainly based
on its role as a BMP coreceptor (Babitt et al., 2006). RGMs
can bind to both BMPs and BMP receptors and enhance BMP
activity, thus increasing the sensitivity to low levels of endoge-
nous BMP ligands (Babitt et al., 2007; Tian et al., 2010). In the
nematode Caenorhabditis elegans, RGM has been shown to
regulate a BMP pathway involved in postembryonic patterning
of the mesoderm (Tian et al., 2010). However, a function for
RGM in BMP-mediated dorsoventral patterning has not been
shown in any animal.
In Cnidaria, the outgroup to Bilateria (Hejnol et al., 2009;
Philippe et al., 2009), both radial (i.e., one polarity axis) and bilat-
eral animals (i.e., two polarity axes) can be found. Most medu-
sozoans (the group including Hydra and medusae) have only
one body axis, the oral-aboral axis, while many anthozoans
(the group including corals and sea anemones) possess a
second body axis, the directive axis, perpendicular to the oral-
aboral axis. However, it remains controversial as to whether
the bilateral symmetry in cnidarians is homologous to that of
bilaterians, given that the observed bilateral anatomical details
appear to be superimposed on a basic radial organization. In
adult polyps, the directive axis is morphologically visible in the
bilateral orientation of retractor muscles along the mesenteries
(an endodermal structure subdividing the gastric cavity into
distinct chambers), and the presence of a ciliated groove,
the siphonoglyph, on only one side of the pharynx (Frank and
Bleakney, 1976).
Recent studies have shown that various transcription factors
and secreted signaling molecules are expressed asymmetrically
along the directive axis during early development of the sea
anemone Nematostella vectensis (Finnerty et al., 2004; Matus
et al., 2006a, 2006b; Rentzsch et al., 2006; Ryan et al., 2007).
NvBMP2/4 (also called NvDpp) and NvBMP5/8, and the BMP
inhibitor NvChordin (NvChd), initially display radial expressionports 9, 1921–1930, December 11, 2014 ª2014 The Authors 1921
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around the developing blastopore at the blastula and early gas-
trula stage and then become asymmetrically expressed during
gastrulation and the early planula stage (Finnerty et al., 2004;
Matus et al., 2006b; Rentzsch et al., 2006). In contrast to the
situation described in most bilaterian models (with the important
exception of sea urchins; Lapraz et al., 2009), NvBMPs and
NvChd are expressed in largely overlapping domains on the
same side of the body at the gastrula and planula stage (Matus
et al., 2006b; Rentzsch et al., 2006). Knockdown of NvBMPs re-
sults in radial expression of both NvBMPs and NvChd, whereas
in NvChd knockdown animals, the expression of the NvBMPs
is absent and that of NvChd is reduced and radialized. These
experiments identified a negative feedback of NvBMPs on their
own transcription and have shown that BMP signaling in Nema-
tostella is required for symmetry breaking and establishment
of the directive axis at the molecular level (Saina et al., 2009).
No link has been demonstrated, however, between the early
bilateral expression of molecular markers and the later morpho-
logical bilaterality in adult polyps.
We show here that NvRGM is a positive regulator of Nematos-
tella BMP signaling and is required for the formation and orienta-
tion of a pSmad1/5/8 gradient with peak levels opposite the
NvBMP expression domain. Furthermore, we identify the bilat-
eral positioning of endodermal structures, the mesenteries, as
the key function of Nematostella RGM/BMP signaling.
RESULTS
NvRGM Is Asymmetrically Expressed during
Nematostella Embryogenesis
The single ortholog of RGM in the genome of the sea anemone
N. vectensis contains a predicted signal peptide and a predicted
GPI anchor attachment site (Figure S1). A genome survey shows
that RGM originated at the base of metazoans together with
key BMP signaling components, but before the emergence of
the alternative receptor Neogenin (Figure S1; Table S1; Lecle`re
and Rentzsch, 2012; Pang et al., 2011). By in situ hybridization,
NvRGM is first detectable at the midblastula stage and remains
expressed ubiquitously until the early gastrula stage (Figures 1A–
1D). Expression becomes excluded from an oral domain on one
side of the blastopore at the midgastrula stage (Figures 1E and
1F) and then becomes restricted to one side of the directive
axis. At the late gastrula stage, a gradient of expression in the
ectoderm and endoderm is visible, with strong staining restricted
to one-quarter of the embryo circumference (Figures 1G and 1H).
Double in situ hybridization showed that NvRGM is expressed
on the same side as NvBMP2/4 and NvChd and on the sideFigure 1. RGM Is a Positive Regulator of the BMP Signaling Pathway d
(A–L) NvRGM in situ hybridizations from cleavage to midplanula stages. Develop
views; insets in (H), (J), and (L) are aboral views; and arrowheads in (K) and (L) in
(M–O) Double in situ hybridization at the early planula stage with NvRGM in light
(P) Schematic representation of expression patterns at the early planula stage; lat
in the left cartoon). Primary mesenteries are indicated by purple arrowheads. The
(Q–AF) In situ hybridizations at the early planula stage for MO-injected animals.
lateral view with aboral pole to the left is shown next to an oral view. All other pic
(AG) Proportion of embryoswith radial, asymmetric, or weakNvBMP2/4,NvRGM,
See also Figures S1 and S2.
Cell Reopposite NvHox8 (Figures 1M–1P), NvHox6a and NvNetrin
(data not shown).
At the planula stage, NvRGM expression along the directive
axis becomes restricted to a stripe on the oral side, in the phar-
ynx and endoderm (Figures 1I–1L). We also detected a strong
ectodermal expression of NvRGM in a ring around the apical
organ at the aboral pole and in four spots (ectoderm and
endoderm) corresponding to the future tentacle buds, before
morphological differentiation of the tentacles (Figures 1K and
1L). NvRGM expression around the apical organ and in the
four tentacle buds persists during planula development and
metamorphosis.
NvRGM Is Required for Asymmetric Gene Expression
NvRGM knockdowns using one splice-blocking (NvRGM MO1)
and one translation-blocking morpholino (MO) (NvRGM MO2)
produced indistinguishable phenotypes (Figure S2). In contrast
to control MO injected animals (Figures 1Q–1T), most NvRGM
MO-injected embryos (Figures 1Y–1AB) showed completely
radialized expression of NvRGM (54%, n = 58), NvChd (55%,
n = 47), andNvBMP2/4 (51%, n = 43) and loss ofNvHox8 expres-
sion (56% n = 50) at the early planula stage, mirroring the effect
of NvBMP2/4 or NvBMP5/8 MO knockdowns (Figures 1U–1X;
Saina et al., 2009). Radial expression of NvRGM (71%, n = 75),
NvChd (47%, n = 38), NvBMP2/4 (31%, n = 55) was also
observed at the gastrula stage (Figure S2). Furthermore, injec-
tion of NvRGM MO rescued the effect of knockdown of the
BMP inhibitor NvChordin (Figures 1AC–1AG; Saina et al.,
2009). Knockdown of NvNeogenin did not affect asymmetric
gene expression (Figure S2).
Taken together, the results of the knockdown experiments
indicate that NvRGM functions at the extracellular level in the
BMP pathway to allow the establishment of molecular asymme-
try orthogonal to the primary oral-aboral axis at the gastrula
stage.
Bilateral Symmetry in Nematostella Emerges Soon after
Gastrulation
Bilateral symmetry has been described only in Nematostella
polyps and late planulae (Frank and Bleakney, 1976; Jahnel
et al., 2014). To understand how BMP signaling might relate to
the development of bilateral features, we studied Nematostella
morphology from the gastrula stage to the primary polyp stage.
While the embryos display cylindrical symmetry (Manuel, 2009)
at the gastrula stage (Figure S3), bilateral symmetry (i.e., the
presence of two axes of polarity, the oral-aboral and directive
axes) becomes apparent at the early planula stage by theuring Directive Axis Formation
mental stages are indicated above the images. (D), (F), (H), (J), and (L) are oral
dicate NvRGM pharyngeal ectoderm expression.
blue and NvBMP2/4 (M), NvChd (N), or NvHox8 (O) in dark blue.
eral view on the left, transversal view on the right (at the level of the gray triangle
intensity of the blue color for NvRGM reflects the intensity of the in situ signal.
In situ probes are indicated above the images, morpholinos on the left side. A
tures are lateral views with the aboral pole to the left. Scale bar, 50 mm.
andNvChd expression along the directive axis for each experimental condition.
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Figure 2. Establishment of Bilateral Symmetry during Nematostella Early Development
(A, B, D, and E) Confocal sections showing F-actin (phalloidin, green) and nuclear (DAPI, red) stainings at the early planula and midplanula stages (stages
indicated on top). Transverse sections (B and E); longitudinal sections perpendicular (A) or along (D) the directive axis. (B–E) The three-chamberedNvBMP2/4 side
is placed at the bottom. Mesenteries highlighted by arrowheads and arrows for primary and secondary mesenteries, respectively, throughout the figure. Scale
bar, 50 mm. ch, chamber; ec, ectoderm; en, endoderm; ph. ec., pharyngeal ectoderm; ph. en., pharyngeal endoderm; ph. l., pharyngeal lobe.
(C) Rose diagram and NvHox6a in situ hybridization optical section showing the orientation of the two first mesenteries at 48 hpf in relation to the directive axis.
(F) Schematic drawings illustrating longitudinal views along the directive axis (top) and transverse view (bottom) at different stages of development, oriented with
the three-chambered side at the bottom for all cartoons. Grey triangles indicate the relative position of the transverse sections shown in the bottom cartoons.
Color code: light blue, ectoderm; orange, endoderm; green, pharyngeal ectoderm; yellow, pharyngeal endoderm; purple, eight parietal muscles; red, eight
retractor muscles; gray, part of the pharynx not on the same plane as the rest of the cartoon; dark blue, mesenteries.
See also Figure S3 for an expanded version of this figure.asymmetric development of the first two mesenteries (tissue
infoldings that split the body wall endoderm and pharyngeal
endoderm into discrete territories); they form closer to one end
of the directive axis and thereby divide the transverse plane of
the body column into a smaller and a larger part (Figures 2A–
2C; mean angle between the directive axis and the first two
mesenteries: 99.5).
The six ‘‘secondary mesenteries’’ develop at the midplanula
stage; two of them are added in the smaller part and four in the
larger part of the transverse plane. Thus, the ‘‘smaller part’’ con-
tains three chambers delimited by mesenteries (three-cham-
bered side), whereas the ‘‘larger part’’ contains five chambers
(five-chambered side; Figure 2E). At this stage, the two pharyn-
geal lobes grow aborally along the first two mesenteries,
generating a marked bilateral symmetry of the aboral part of
the pharynx (Figures 2D–2F; see Figure S3 for more details).
Since the position of the mesenteries is readily visible after
in situ hybridization, we were able to determine the relation be-
tween morphological bilaterality and asymmetric gene expres-
sion. Transverse optical sections at the planula stage show1924 Cell Reports 9, 1921–1930, December 11, 2014 ª2014 The Autthat the three-chambered side corresponds to the side of
NvChd, NvBMPs expression, and the five-chambered side to
the NvHox6a, NvHox8 expression (Figures 2C and S3). Further
evidence shows that the siphonoglyph appears in polyps on
the three-chambered/NvBMP2/4 side (Figure S3).
A Gradient of BMP Signaling Activity at the Gastrula and
Planula Stages
pSmad1/5/8 immunoreactivity (see Figure S4 for NvSmad1/5
expression pattern and controls for the antibody) is first detected
at the midgastrula stage (22 hours postfertilization [hpf] at 21C)
in few nuclei localized on one side of the blastopore (Figures 3A
and 3B) and at 24 hpf in a broad ectodermal domain correspond-
ing to approximately one quarter of the embryo circumference,
with decreasing intensity toward the edges. Between 24 hpf
and 28 hpf, strong nuclear endodermal pSmad1/5/8 staining be-
comes visible on the same side as the ectodermal staining (Fig-
ures 3C–3F). At this stage, both endodermal and ectodermal
staining extends along one side of the body column, with a
more intense staining in the oral region (Figures 3C–3F).hors
Figure 3. NvBMPs and NvRGM Are Required for Generating a pSmad1/5/8 Gradient along the Directive Axis and for Mesentery Formation
pSmad1/5/8 immunostaining in red (A–F and H–P) or gray (G), DAPI in blue, and phalloidin in green at stages indicated on top and after injection of morpholinos
indicated on the left (I–X). Transverse views (A–E, H–P, and U–X) and lateral views (F, G, Q–T) are shown, with the aboral pole to the left. Arrows in (G) represent
ectodermal pSmad1/5/8 staining. Images aremaximum projections (A–G and I–P); (H) and (Q)–(X) are single sections. Gray triangles indicate the relative positions
of the sections shown in the picture corresponding to the letter inside the triangle. Arrowheads show developing primary mesenteries and arrows secondary
mesenteries. The dotted lines in (Q)–(T) indicate the shape of the aboral extremity of the pharynx. Scale bar, 50 mm. (Y) Proportion of midplanula embryos (3 days
postfertilization) showing zero or eight mesenteries for each experimental condition. Number of embryos analyzed (n) is indicated for each condition. See also
Figure S4.At the early planula stage (48 hpf), a gradient of pSmad1/5/8
staining—spanning the entire directive axis—is visible in the
endoderm of the body column, as well as in the pharyngeal
endo- and ectoderm (Figures 3G and 3H). Faint pSmad1/5/8 nu-
clear staining is also detectable in the body column ectoderm on
the side of strong endodermal staining (Figure 3G). After the mid-
planula stage, thegradientof pSmad1/5/8 isno longerdetectable.
Using the position of the mesenteries for orientation revealed
that the strongest pSmad1/5/8 staining is on the five-chambered
side, which corresponds to the side opposite the expression of
NvBMPs and NvRGM (Figure 3H).
NvRGM and NvBMPs Are Required for the Generation of
the pSmad1/5/8 Gradient and the Development of
Bilateral Symmetry
Most of the NvRGM MO-injected embryos showed a loss of
pSmad1/5/8 immunoreactivity (Figures 3J and 3N), did notCell Reform pharyngeal lobes, and failed to develop mesenteries,
thus never displaying bilateral symmetry (Figures 3R, 3V, and
3Y). Instead, they retained the cylindrical symmetry, which is
restricted to the gastrula stage in control embryos (Figures 3I,
3M, 3Q, 3U, and S4). Three- to 4-day-old radializedNvRGMmor-
phants started to elongate dramatically to reach approximately
twice the length of control animals at 6 days (Figure S4).
Strikingly, the loss of pSmad1/5/8 staining, the lack of mesen-
tery formation, and the elongation of the body column observed
inNvRGMmorphants was recapitulated in more than 90% of the
embryos injected with either NvBMP2/4 MO or NvBMP5/8 MO
(Figures 3K, 3L, 3O, 3P, 3S, 3T, 3W, 3X, and S4).
The penetrance of the described phenotypes was lower in
NvRGMMO injected embryos (50%). The remaining 50% of em-
bryos invariably developed all eight mesenteries. Lowering the
dose of NvBMP2/4morpholino resulted in an increasing propor-
tion of embryos having eight versus no mesenteries (Figure 3Y),ports 9, 1921–1930, December 11, 2014 ª2014 The Authors 1925
Figure 4. BMP Signaling Is Instructive for
Directive Axis Orientation
(A) Four-cell-stage embryos were injected and
developed until late gastrula (30 hpf); red stars
indicate the animal/oral pole.
(B) Localization of pSmad1/5/8 staining in relation
to the side of injection, the color code for the
different categories is given on the right. Statistical
test used was the Fisher’s exact test (*p < 0.05;
**p < 0.01); NvRGM MO (p = 0.00058), NvBMP2/4
MO (p = 0.034), and NvChd MO (p = 0.00046)
distributions are significantly different when
compared to the control MO distribution. Note that
in control MO-injected embryos, the orientation
of the pSmad1/5/8 staining is biased toward the
injection side.
(C) Examples for injection of morpholinos against
NvRGM, NvBMP2/4, and NvChd. pSmad 1/5/8
is shown in red, dextran-Alexa 488 in green, and
DAPI in blue.consistent with the idea that a threshold level of BMP signaling
is required for the initiation of mesentery formation. Importantly,
the lack of morphological bilaterality strictly correlates with
the loss of asymmetric gene expression, i.e., all embryos
that develop primary mesenteries and pharyngeal lobes have
asymmetric expression of NvHox8 and NvBMP2/4, whereas all
embryos without mesenteries and with radial pharynx showed
radial NvBMP2/4 expression.
Asymmetric NvBMP2/4, NvRGM, or NvChd Expression
Can Direct the Orientation of the BMP Signaling
Gradient
To investigate how the BMP signaling gradient might be estab-
lished from an initially homogeneous blastoporal expression of
NvBMPs, NvRGM, and NvChd, we generated artificial asymme-
try of these pathway components and monitored pSmad1/5/8.
Morpholinos were coinjected with fluorescent dextran as tracer
into two randomly chosen, adjacent blastomeres at the four-
cell stage, which results in knockdown of the targeted gene in
one-half of the embryo along an axis orthogonal to the oral-1926 Cell Reports 9, 1921–1930, December 11, 2014 ª2014 The Authorsaboral axis (Figure 4A). The activation of
BMP signaling at the gastrula stage was
expected to occur at equal rates in the
injected and uninjected halves. However,
injection of a control MO slightly biased
the orientation of the directive axis, with
47% of gastrulae displaying pSmad1/5/
8 staining only in the injected half (Figures
4B and 4C). This effect was strongly
reversed by injection of NvRGM MO
or NvBMP2/4 MO, which localized
pSmad1/5/8 staining to the uninjected
side in 77% and 64% of the embryos,
respectively, and to the injected side in
none and 18% of the embryos, respec-
tively. Injection of NvChd MO had the
opposite effect, with 90% of the embryosdisplaying pSmad1/5/8 labeling in the injected half and none
showing pSmad1/5/8 labeling in the uninjected half (Figures 4B
and 4C). These results show that asymmetry of BMP pathway
components is sufficient to direct the pSmad1/5/8 gradient.
NvRGM Is Involved in Positioning the NvHox6a
Expression Territory and the Mesenteries
The incomplete penetrance of the loss of mesentery formation in
embryos injected with the NvRGMMO provided the opportunity
to analyze whether NvRGM and NvBMP signaling have addi-
tional functions after the symmetry break. Indeed, in the embryos
that formed all eight mesenteries, we observed an alteration
in the position of the mesenteries. The four mesenteries on the
NvBMP-expressing three-chambered side (including the pri-
mary mesenteries) were shifted toward the NvHox-expressing
five-chambered side, and the distance between the two mesen-
teries closest to the three-chambered pole was significantly
increased (Figures 5A, 5B, 5D, 5I, 5J, 5L, and S5). The positions
of the four mesenteries on the five-chambered side were,
however, not significantly affected (Figure S5). Importantly, while
embryos that developed mesenteries always displayed a
gradient of pSmad1/5/8 staining, the shape of the gradient was
altered. Compared to the control MO-injected embryos, normal-
ized levels of nuclear pSmad1/5/8 staining were further reduced
on the low BMP activity (three-chambered) side (15/16 pairwise
comparisons; Table S2; Supplemental Experimental Proce-
dures), whereas the peak pSmad1/5/8 levels on the five-cham-
bered side were unaltered in the majority of embryos (Figures
5Q, 5R, 5T; 10/16 pairwise comparisons; Table S2). A corre-
sponding shift was noticed at the level of gene expression, since
the NvBMP2/4 and NvChd expression domains on the 3-cham-
bered side were significantly expanded in NvRGM MO-injected
embryos (Figures 5E, 5F, 5H, and S5), whereas the NvHox8
expression domain on the five-chambered side was not signifi-
cantly affected (Figures 5M, 5N, and 5P). The border of the
NvHox6a expression domain demarcated the site of primary
mesentery formation, regardless of the position at which they
formed (Figures 5I, 5J, and 5L).
The shift in the position of the mesenteries and in NvChd
and NvHox6a expression patterns and the alteration of the
gradient of pSmad1/5/8 staining on the three-chambered side
were also observed in embryos injected with a low dose of
NvBMP2/4 MO (Figures 5C, 5D, 5G, 5H, 5K, 5L, 5O, 5P, 5S,
5U, 5V, and S5).
These observations suggest that after the symmetry break,
NvRGM and a gradient of NvBMP activity are required for the
positioning of the mesenteries on the NvBMP-expressing
three-chambered side.
DISCUSSION
Successive Roles for BMP Signaling in Symmetry
Breaking and Axial Patterning
We propose that NvRGM-regulated BMP signaling has two
temporally distinct functions during the formation and patterning
of the directive axis in Nematostella (Figure 5W). At the midgas-
trula stage,NvRGM is required for the initial symmetry break that
leads to the formation of a gradient of pSmad1/5/8 activity,
which defines the directive axis. After gastrulation, NvRGM
enhances the low-level BMP-Smad1/5/8 signaling activity on
the side opposite where the symmetry break occurred. NvRGM
is then coexpressed with NvBMP2/4, NvBMP5/8, and NvChd
and contributes to the shape of the BMP activity gradient and
the positioning of the mesenteries. We propose that during
both steps, NvRGM functions as a membrane attached BMP
coreceptor, acting in particular at low and medium BMP levels.
Such a function has previously also been described for verte-
brate RGMs in cell culture-based reporter assays (Babitt et al.,
2005; Samad et al., 2005).
Generation of a pSmad1/5/8 Gradient at the Gastrula
Stage
The symmetry break that generates the directive axis occurs
in the ectoderm at the midgastrula stage and requires BMP
signaling. This is different from most bilaterian models, where
BMP signaling acts after the symmetry break in the patterning
of the dorsoventral axis. Our results suggest that the symmetry
break in Nematostella is caused by a localized increase in BMPCell Reactivity, possibly mediated by a subtle increase in the expression
of a pathway component such as the coreceptor NvRGM. This
model is supported by the observation that the generation of
the directive axis can be determined by mosaic knockdown of
NvRGM, NvBMP2/4, or NvChd. Whether the local increase in
BMP activity is caused by a defined mechanism or stochastic
fluctuations in the expression of BMP pathway components
remains to be explored.
Nematostella BMP activity has a strong negative feedback on
the transcription of NvBMPs, NvChd, and NvRGM (Saina et al.,
2009; this study), and consequently, the region with elevated
BMP activity becomes an area with reduced transcription of
BMP pathway components. Counterintuitively, peak pSmad1/
5/8 levels are initiated and maintained on the side on which
the expression of NvBMPs and NvRGM becomes downregu-
lated. This suggests that expression of an additional positive
BMP regulator is initiated by the elevated BMP signaling, thus
assuring maintenance of a high-BMP-activity region despite
the downregulation of NvBMPs and NvRGM transcription (fac-
tor X in Figure 5W). The prime candidate for such a positive
feedback regulator is NvGDF5-like, a signaling molecule that
is closely related to BMPs and that is expressed on the side
opposite the NvBMPs after gastrulation (Finnerty et al., 2004;
Rentzsch et al., 2006). In mammals, GDF5 can activate BMP
receptors and Smad1 (Chen et al., 2006; Nishitoh et al., 1996),
indicating that NvGDF5-like may directly contribute to peak
pSmad1/5/8 levels on the five-chambered side of the directive
axis after the initial symmetry break. Since NvGDF5-like is
expressed opposite the side of NvRGM expression, the activity
of NvGDF5-like after gastrulation is likely largely independent
of NvRGM.
NvRGM and NvBMP Signaling Pattern the Directive Axis
after Gastrulation
In thoseNvRGM or low-dose NvBMP2/4morphants in which the
symmetry break occurred, the low pSmad1/5/8 immunoreac-
tivity on the three-chambered side was further reduced, whereas
the peak pSmad1/5/8 levels on the five-chambered side was not
affected. Correspondingly, the positions of the four mesenteries
on the three-chambered/BMP side were shifted toward the five-
chambered/Hox side, suggesting that the positions ofmesentery
formation are controlled by the level of BMP activity. We propose
that the pSmad1/5/8 activity gradient directs the establishment
of distinct gene expression domains along the directive axis
that determine the sites ofmesentery formation. Thismechanism
may directly define the position of all mesenteries or only define
the sites where the first twomesenteries develop, which then can
act as secondary organizers that control the formation of the six
additional mesenteries. In our experimental conditions, only the
four mesenteries on the three-chambered side were affected.
However, since the symmetry break occurred only in animals
with incomplete inhibition of BMP signaling, we consider it likely
that the position of all mesenteries is controlled by the BMP
activity gradient.
Evolution of RGM and BMP Signaling in Axial Patterning
Despite the conservation of many of the molecules involved
in the regulation of BMP activity, the data presented hereports 9, 1921–1930, December 11, 2014 ª2014 The Authors 1927
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emphasize the remarkable evolutionary plasticity of the BMP/
chordin signaling system. Originating from very different expres-
sion domains of BMP and chordin transcripts, the interaction of
BMP and chordin proteins generates a pSmad1/5/8 gradient
along the secondary body axis in many organisms (reviewed
by Bier, 2011). However, the bilaterally arranged structures
(mesenteries, pharynx, retractor muscles, and siphonoglyph)
in Nematostella are unlikely to be homologous to any bilaterian
structures (Manuel, 2009). Thus, while a BMP/chordin signaling
system with the propensity to generate a BMP activity gradient
was likely present in the last common ancestor of cnidarians
and bilaterians, it remains unclear whether, in this ancestor,
the BMP/chordin system was employed for the patterning of
a secondary body axis or whether it has been co-opted into a
function in axial patterning independently in anthozoans and
bilaterians.
The expression and function of RGM have been studied
in very few bilaterians, leaving the degree of conservation of
the function of RGM genes in BMP-regulated secondary axis
patterning largely unexplored. Interestingly, RGMs have been
reported to be asymmetrically expressed along the dorsoventral
axis during the gastrulation and postgastrulation stages in
several vertebrates (e.g., Samad et al., 2005), but to our knowl-
edge, simultaneous inactivation of all RGM paralogs has not
been reported. It therefore remains possible that RGM is
involved in the patterning of the dorsoventral axis in vertebrates
or other bilaterians.
EXPERIMENTAL PROCEDURES
N. vectensis Culture
The Nematostella polyps were cultured and induced for spawning as
described previously (Fritzenwanker and Technau, 2002). Embryos were
cultured in one-third seawater (Nematostella medium) at 21C.
In Situ Hybridization
Embryos were fixed for 2 min in cold 3.7% formaldehyde + 0.25%
glutaraldehyde in Nematostella medium followed by 1 hr in cold 3.7% form-
aldehyde in PBS-0.1% Tween20 (PBT); colorimetric single and double in situFigure 5. NvRGM and NvBMP2/4 Regulate the Positioning of the Mese
Only NvRGM MO and NvBMP2/4 MO injected embryos not displaying the pheno
(A–D) At themidplanula stage, the position of the two primarymesenteries (arrowh
NvRGM/NvBMP expression in NvRGM MO-injected (p = 4.7 3 106) and low-do
(E–L) At the early planula stage, the NvChd expression pattern (E–H) is significan
NvBMP2/4MO (p = 0.0042), whereasNvHox6a expression (I–L) is significantly red
(M–P) The area of expression ofNvHox8, expressed oppositeNvRGM andNvBMP
low-dose NvBMP2/4 MO (p = 0.719).
(Q–U) Consistently, pSmad1/5/8 staining is reduced in the low-BMP-activity side
NvBMP2/4 MO (p = 5.60 3 1014) compared to the control, but not significantly
NvBMP2/4MOp= 0.127); right images are close-ups of the left images, correspon
lateral views. Scale bar, 50 mm.
(D, H, L, and P) Boxplot of the angle shown in the images above. Boxes indicat
number of embryos analyzed.
(T and U) Plot of the relative nuclei pSmad1/5/8 staining intensity along the di
Statistical test used was the two-tailed Student’s t test, assuming unequal var
Procedures for details about the analyses, and Figure S5 and Table S2 for result
(V andW) Summary of the effects ofmanipulation ofNvRGM andNvBMP function
(step 1) and patterning (step 2) of the directive axis by BMPs/RGM signaling in N.
yellow arrows, position of the future secondary mesenteries.
All drawings illustrate transverse sections. See text for details.
Cell Rehybridizations were performed as described previously (Rentzsch et al.,
2006, 2008).
Immunostaining
The pSmad1/5/8 immunostaining protocol was adapted from Lapraz et al.
(2009); details can be found in Supplemental Experimental Procedures.
Morpholino Injection
Injections were done as previously described (Rentzsch et al., 2008). For blas-
tomere injections, two out of four randomly chosen adjacent blastomeres were
injected just before third cleavage, using 2.5 mg/ml dextran Alexa 488 as tracer.
Embryos were sorted at 30 hr. Only those with strong green fluorescence in
one half and no fluorescence in the other half were used for further analyses.
Details on MO injections and MO sequences can be found in Supplemental
Experimental Procedures.
Microscopy and Imaging
Pictures were taken using a Nikon Eclipse E800 and a Nikon AZ100M micro-
scope and adjusted in Photoshop CS5. Confocal images were recorded on
a Leica SP5 confocal microscope; confocal stacks were processed with the
Leica software and adjusted in Photoshop. Image analyses were performed
using ImageJ. For details on pSmad1/5/8 quantification, see Supplemental
Experimental Procedures.
ACCESSION NUMBERS
The GenBank accession numbers forNvRGM andNvNeogenin are KM975939
and KM975940, respectively.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and two tables and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2014.11.009.
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eads) on the three-chambered side is significantly shifted away from the area of
se NvBMP2/4 MO-injected (p = 0.012) embryos, compared to the control.
tly expanded in the case of injection of NvRGMMO (p = 0.0014) and low-dose
uced (NvRGMMO, p = 1.793 108; low-doseNvBMP2/4MO, p = 1.313 108).
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